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BACKGROUND OF THE INVENTION 



5 Field of the Invention 

This invention relates generally to a method and composition for forming doped A-site deficient 
manganate thin films on substrates, and more particularly to a method and composition for 
1 0 making thin film manganate layers via metalorganic chemical vapor deposition (MOCVD) using a 
liquid delivery technique for flash vaporization of the precursor chemistry. 



Description of the Related Art 

Current magnetic sensors and read/vmte heads are fabricated fi^om permalloy and multilayer giant 



pj 5 magnetoresistant (OMR) metal structures. Permalloy (Nio.80Feo.20) exhibits a 2% change in 
r: resistivity in small magnetic fields, while the OMR multilayer FeMn/Co/Cu/NiPe exhibits a 4% 
p ^ change in a 10-20 Oe field. The observations of large resistance changes in LaxAyMnOs (A = Ca, 
Sr, Ba) crystals in the presence of magnetic fields has generated intense interest in using these 
materials as magnetic sensors. Thin films of these colossal magnetoresistant (CMR) oxides have 

i XV 

C20 exhibited resistivity changes of over 100,000% in magnetic fields of >1 Tesla. Since CMR 
□ materials display far larger magnetoresistive changes than OMR materials, they have the 
potential to greatly improve both the detection sensitivity and signal-to-noise ratios in a MR 
device. The most suitable material for commercial applications would have a large 
magnetoresistance change in a small magnetic field at ambient temperatures. 

25 

High quality, doped lanthanum manganate films possess numerous properties of technological 
importance, including temperature sensitive resistance changes, bolometers, substantial magneto- 
resistance changes under exposure to magnetic fields, and utility for device applications such as 
switches, sensors, thin-film recording heads and magnetic random access memories (MRAM). 
30 The doping of the LaMn03 system with Group II elements (i.e., Mg, Ca, Sr and Ba) is critical to 
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providing robust materials with the desired electrical, magnetic and thermal responses. In this 
material system, precise and repeatable compositional control is required in order to produce 
films of high quality. Physical deposition methods (e.g., sputtering, evaporation) to fabricate 
thin film deposition are deficient in this regard, as are traditional approaches to metalorganic 
5 chemical vapor deposition (MOCVD) involving the use of bubblers. 



10 



r=?x 



m 



m 

11 5 



A great need exists to miniaturize discrete magnetic components. At present, thin film-based 
devices are an attractive solution to many magnetic sensor and MRAM applications, but require 
cost-effective processing of films in the thickness range of from about 0.1 to about 10 microns, as 
well as room temperature electrical and magnetic responses, and large magnetoresistive responses 
to small magnetic fields. 

A number of processes have been investigated to date for depositing manganate films, including 
pulsed laser ablation deposition (PLD), sputter deposition, and sol-gel processing (SGP). While 
high quality films have been produced in some cases, no technique has yet been demonstrated 
which has clear potential for commercially viable device manufacture. 



1 1 *^ 'Hi^igh rate"depositten4e chniques which Ji ave-been-used-sncces sluUy for multicompone n^e?aide 
thin films are pulsed laser ablation deposition (PLD) and chemical vapor depogitkrtf^CVD). The 
20 use of PLD for Ca doped LaMnOs (LCMO) has been investig^led^d the quality of films 
produced was acceptable. However, as the depositprr^ea is scaled in PLD, one loses the 
inherent deposition rate advantage. Are^^-s^ling is important in making manganate layers 
because, although device and chjp-dimensions are small, cost-effective deposition in an integrated 
process is ideally accopajSlished at wafer scale dimensions. Further, magnetic sensors and random 
25 access mempri^srequire thin-film application over conplex topographical features (i.e., in muki- 
Jaj£eted-deidces)r- 
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Another technique, termed sol gel processing (SGP), has been investigated by various researchers. 
This technique has the advantage of processing at lower temperatures, but unfortunately the 
resultant film properties have not been as good as desired. In particular, film defects are high and 
conformality is poor. 

5 

It would therefore be an advance in the art, and is accordingly an object of the invention, to 
provide a method for the formation of thin film A site deficient, doped manganate materials by 
MOCVD which affords repeatable and stringent stoichiometric control of the manganate film 
composition, and resulting thin-film properties. It is the stoichiometric composition and the 
1 0 method to deposit the same that constitutes this invention. In specific, A site deficient doped 
O manganates exhibit room temperature electrical and magnetic transitions towards small magnetic 
m fields. 



n\ Other objects and advantages of the invention will be more fully apparent from the ensuing 
2 1 5 disclosure and appended claims. 



SUMMARY OF THE INVENTION 

In accordance with the present invention, liquid delivery, chemical vapor deposition (CVD) is 
20 used to deposit doped manganate thin films. By such methodology, structure - property 
relationships may be examined, and the deposited film stoichiometry may be readily controlled 
by changing the precursor concentration in solution. 



In the characterization of the liquid delivery, chemical vapor deposition method of the invention, 
25 the film Curie temperature was measured and found to be directly dependent on the film 
composition and stoichiometry. Manganese-rich, LaxCayMn03 films have been formed which 
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exhibit Curie temperatures at or above room temperature and therefore are technologically 
valuable and a significant advance in the art. 

Applications of the present invention include, but are not limited to, magnetic storage read-v^ite 
heads, magnetic sensors, microelectromechanical sensors (MEMS), magnetic random access 
memories (MRAM), bolometers, thermal sv^itches and thin sensing films associated with focal 
plane arrays, and a variety of other applications requiring electrical, thermal or magnetic sensing 
capabilities. 

Historically, CMR manganates exhibit large MR responses at low temperatures in magnetic fields 
of >1 Tesla. The MR response increases with increasing field strength up to 10 Tesla, the 
highest fields generally used for the measurements. The MR response, however, is strongly 
temperature dependent and reaches a maximum at a specific temperatxire known as the Curie 
temperature. At this temperature, the material changes from a ferromagnet to a paramagnet. In 
most Ca-doped manganates, the Curie temperature (Tc) is well below room temperature and 
therefore, severely limits the conamercial viability of these materials. For example, the most 
widely studied system is Lao.66Cao.33Mn03 with a measured Curie temperature of 251 °K. 

This invention relates to compositions, and a method for dejpositing same, that exhibit MR and 
Tc values at room temperature or above, and improving the MR response towards small magnetic 
fields. A common method to tune the magnetic response is to dope the manganate with a Group 
II cation in the A site, and to vary processing and post-deposition conditions. Recent reports 
indicate that the Curie temperature may be increased in off-stoichiometry LaMnOs films. For 
instance, a Lao.75Mn03 film exhibited a Curie temperature of 240° K, in contrast to a LaMn03 
film (1:1 stoichiometry) that displayed a Tc of 1 1 5 °K. 



In one aspect of the present invention, the liquid delivery metal organic chemical vapor 
deposition (MOCVD) of A site (A site = La + M) deficient (where M = Mg, Ca, Sr and Ba), c- 
axis oriented LaxMyMnOa thin films is carried out on a suitable substrate such as LaA103. 
MOCVD is advantageous for large-scale fabrication and silicon device integration. Moving the 
5 Curie temperature to room temperature (or above) facilitates widespread applicability ranging 
from thin-film sensors to thermal switches. In specific, A site deficient manganate films exhibit 
Curie temperatures above 290 °K and display MR responses to relatively small magnetic fields; 
these combined properties are necessary for device applications. Room temperature, 
magnetoresistant responses between 1 and 7% are observed in fields of <700 0ersted (Oe). The 

10 film stoichiometry - property relationships in MOCVD deposited A site deficient doped 

M manganate thin films is described more fully hereinafter. 

Q The as-deposited CVD films displayed transition temperatures (Tc) ranging fi-om 150 - 294 '^K. 

I * 

B\ It has previously been reported that annealing CMR films in oxygen increases the Tc. The 
si 5 increased transition temperature may result from improved- crystal lattice ordering and/or 
^^j adsorption of oxygen which alters the film stoichiometry. An increase in transition temperature is 

observed when the as-deposited CVD films are annealed to 1000 in oxygen for four hours. 
5; The change in transition temperature (ATc) observed after annealing ranged from 17*^C to 50°C. 

The as-deposited films, which exhibited high transition temperatures before annealing, display 
20 the smallest increase in Tc upon annealing. Films which were annealed in argon exhibited a 

decrease in the Tc, corresponding to a loss of oxygen, and possibly a decrease in Mn"^"* ionic 

concentration. 



X-ray diffraction measurements were made on as-deposited and thermally annealed films to 
25 determine if there was a significant change in crystal ordering after annealing. 9-26 
measurements showed that the intensity of the lanthanum calcium manganate (LCMO) peaks 
increased after annealing relative to the substrate peaks. The increased intensity is likely due to 
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an increased crystallinity in this orientation. In most films, the position of the [200] peak also 
shifted to higher 0-26 values corresponding to a shrinking of the c-axis. For films annealed in 
argon, the [200] peak shifted to lower 29 values corresponding to an increase in the c-axis 
orientation. Since Mn^"* has a smaller ionic radius than that of Mn^^ these observations may be 
5 indicative of a gain (loss) of Mn^^ ions upon oxygen (argon) annealing. 



Solutions with differing metalorganic precursor concentrations were used to produce a series of 
films with varying film stoichiometries. The focus of the study was to vary the (La + Ca):Mn 
ratio and the La:Ca ratio with respect to the Lao.66Cao.33Mn03 system, which has been the most 
1 0 widely studied form of this material. The Lao.66Cao.33Mn03 stoichiometry is thought to afford 
M the best CMR properties between the antiferromagnetic insulators LaMn03 and CaMn03. The 
doping of Ca"^^ ions into La"^^ (A) sites creates a charge imbalance which is offset by the creation 
of Mn:*""^ sites. The mixture of Mn"^^ and Mn"^"* sites -creates charge carriers leading to electron 
exchange between Mn"'"^ and Mn"^"^ sites, a phenomenon known as double exchange. 

The Mn^^iMn *^"^ ratio is also heavily dependent upon the oxygen content of the sample. 
Although the LCMO general formula has three oxygen ions, the number of oxygen ions can easily 
zi change depending on the processing conditions. In order to minimize effects of such oxygen 
variation in empirical work relating to the present invention, and to maintain a constant oxygen 
20 content in films respective for purposes of comparison, processing conditions in respective 
experiments were held constant for all growths, and the films were annealed together, so that the 
Mn^^^ivin"^"* ratio is predominantly affected by the La:Ca and (La 4 Ca):Mn ratios in these films. 



: s : 
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Ih c shift in the tran s ition tcntpeid t uie fui an A site deficient (La+C a) :Mn film ofth ^e-^ipirieal 
2 5 tests is exemplified by the data shown in Figure 1 . This same filni^vytaS'^Xainined in high magnetic 
fields as shown in Figure 2. TheJihnJiad-a^(I:;^ ratio of 0.73 and a measured Tc of 3 1 7° 

K.-aftep4herrffaFann ealing in oxy gen: Similar resulis were obtaiiTed~fbrfrlms--deposited-under- 
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identicarcon diliuiis, bul with varying film s teiebiometries Ihe-lilms^uh a stoichiomeiry c^f 

Lao.66Cao.33Mn03 exhibited a To of 25 1 K, in agreement with the literature. HoweygFrwen the 
(La+Ca):Mn ratio was reduced, the "as-deposited" films exhibitedJfe-vSl^ as high as 295 K. 
These same films all exhibited increased Tc values^^w;thdrai^ in oxygen. These results 

5 point towards the possibility of a hole dependence in the conduction mechanism. If conduction 
were only dependent on the Mn^^/Mn^""^ ratio, then higher TcS values could have been achieved in 
the Lao.66Cao.33Mn03 systemfsince the ratio can be varied by oxygen content, but this was not 
observed. Consistent with this hypothesis, other empirical work relating to the present 
invention demoiistrates that the variance in (La+Ca):Mn ratio has a greater influence on the 
1 0 -©bsel^edJVthan does theLaJCa-^'ati^ 



f3^ 



^: The foregoing hypothesis of a hole-dependent conduction mechanism is understood as being 

O illustratively proposed as a possible basis for the observed increase in Tc values after thermal 

n\ annealing in oxygen. Such hypothesis and mechanism therefore are not intended to be limiting on 

E 1 5 the character or scope of the present invention, and therefore should be non-limitingly construed 

SJ in relation to the method and composition of the present invention as herein disclosed. 

nj 
B 

Magnetoresistance response to small magnetic fields measured on A deficient LCMO films 
representative of the invention demonstrate the effect of temperature. The MR response is 

20 defined as the percentage change in film resistivity both in and out of the magnetic field. Figure 4 
shows the MR response for an exemplary A site deficient film in a 470 Oe field applied 
perpendicularly to the film. The CVD film has a stoichiometry of Lao.49Cao.24Mn03 and an MR 
ratio of 3.5% measured at 27 °C. A strong temperature dependence to the measured MR 
response was observed. In the same film, MR responses were as high as 7% at 27 °C in a 700 Oe 

25 field as shown in Figure 5. This MR response is the highest reported to date in small magnetic 
fields. A corresponding film which was Mn-deficient displayed no MR response in a 470 Oe 
field at room temperature. 
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In LCMO films formed in accordance with the present invention, Curie temperatures at or above 
room temperature were observed in the MOCVD deposited LaxMyMnOs thin films. After 
annealing in oxygen, the Tc increases, the intensity of the [200] peak increases, and an MR 
5 response is observed at room temperature in small magnetic fields. These Curie temperatures and 
low field MR ratios in the (La+Ca) deficient thin films of the present invention are the highest 
reported to date in LCMO films. Presently preferred films according to the invention include 
those with a (La+Ca):Mn ratio between 0.6 and 0.9. 

1 0 The foregoing results suggest that hole conduction is critical to both the electrical conduction and 
ft magnetic response observed in these films, and evidence the suitability of the liquid delivery 
j MOCVD film growth process of the invention for sensor device fabrication and integrated thin- 
film applications requiring large area doped manganate fihns. 

m 
m 

Jl 5 The present invention includes a method of depositing A site deficient doped manganate thin 
Cj films by metalorganic chemical vapor deposition (MOCVD) utilizing a liquid delivery technique. 
p-J In comparison with previous deposition techniques, the invention affords precise compositional 
% control by use of liquid precursor solutions which are flash vaporized. Flash vaporization has 

the added benefit of preventing unwanted premature decomposition of the precursor species; this 
20 is especially important for Group II metals (e.g., Mg, Ca, Sr, Ba). In addition, the invention 

utilizes tailored precursor chemistries that are compatible for forming the thin film material. 

Additionally, such precursor chemistries do not undergo ligand exchange (or alternatively have 

degenerate exchange mechanisms). As a result, the formation of involatile species is avoided. 

The control of solution concentrations of reactants is advantageously utilized to control the film 
25 stoichiometry of the product LCMO films and their electrical, magnetic and thermal properties. 

The method of the present invention provides the ability to shift the temperature of the 

transition from that of a metallic-like conductor to that of a semiconductor or insulating material, 
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via film stoichiometry, and is a key feature of this invention. Concurrently, the magnetic 
properties may be shifted from ferromagnetic behavioral characteristics to paramagnetic 
behavioral characteristics in the same temperature regime. By controlling the temperature of this 
transition, room temperature magnetoresistance is achieved in the A site deficient doped 
5 manganate fihns. 

In contrast to the prior art approaches, metalorganic chemical vapor deposition (MOCVD) offers 
a unique combination of attributes not foimd in other processes, including high deposition rates, 
excellent composition control, scalability to large areas, and conformality. 

The present invention in one aspect relates to a method of forming a thin film magnetoresistive 
material on a substrate from corresponding precursor(s), comprising liquid delivery and flash 
vaporization thereof to yield a precursor vapor, and transporting the precursor vapor to a 
chemical vapor deposition reactor for formation of the thin film material on the substrate. 

The precursor(s) in the above-described method may suitably comprise organometallic 
compounds or coordinated complexes of metal(s) selected from the group consisting of barium, 
strontium, calcium, and magnesium, in combination v^ith lanthanum and manganese precursors. 
More generally, metal B-diketonate compounds or Lewis base coordinated complexes of such 
compounds are utilized. Alternatively, such compounds or complexes may be either fluorinated 
or non-fluorinated in character, and may include metal (B-diketonates), pivalates; and Lewis base 
adducts of each. 

The manganate materials may be LaxMgyMnOa, LaxCayMnOs, LaxSryMnOs, LaxBayMnOs or 
25 other useful manganate materials. Careful control of the stoichiometry is critical to the observed 
properties in LaxMyMnOs, such that (x + y) < 1.0, and more preferably between 0.6 and 0.9, 
and the stoichiometric oxygen content may be > 3.0. In some applications, other elemental 
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dopants may advantageously be added to provide appropriate physical properties in the 
resulting doped manganate film. 

In a particular aspect, the lanthanum calcium manganese oxide (LCMO) precursor(s) are 
5 dissolved in a solvent and flash vaporized at a temperature of between 100 'C and 300 'C. The 
precursor vapor is transported to the chemical vapor deposition reactor in a carrier gas, such as 
argon, nitrogen, neon, helium or anmionia. The carrier gas may be mixed with an oxidizing co- 
reactant gas prior to its transport to the chemical vapor deposition reactor. 

10 Although any suitable process conditions may be employed, the chemical vapor deposition 
P reactor may contain substrate articles which preferably are heated for the chemical vapor 
ai deposition reaction to a temperature in the range of from 300 'C to 1000 'G. The pressure of the 

== ; ■ 

1 Si 

Q precursor vapor in the chemical vapor deposition reactor may be from about 0.1 to about 760 

Uh 

n\ ^^^^ temperature. 

The invention in another aspect relates to a device comprising a manganate layer on a substrate, 
5Jf wherein the manganate layer is formed on the substrate by a process including: providing 
Q corresponding precursor(s) for the manganate layer, transporting the precursor(s) by liquid 

delivery and flash vaporization thereof, to yield a precursor vapor, and transporting the 

2 0 precursor vapor to a chemical vapor deposition reactor for formation of the thin film LCMO 

material on the substrate. 

In another aspect, the invention relates to a composition of a thin film manganate material on a 
substrate of the previously described magnetoresistive character, wherein the material is A 
25 deficient and doped with a Group II element (i.e., Mg, Ga, Sr, Ba). 
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The invention broadly contemplates high temperature magnetoresi stive materials of the formula 
LaxMyMnOs wherein (x + y) < 1.0, preferably from about 0.5 to about 0.99, and most 
preferably from about 0.6 to about 0.9, and wherein the stoichiometric oxygen content may be > 
3.0. 

5 

Other objects and advantages of the invention will be more fully apparent from the ensuing 
disclosure. 

BRIEF DESCMPTION OF THE DRAWINGS 

10 

p FIG. 1 illustrates the measured resistivity (p) versus temperature (T in Kelvins) for an LCMO 
91 film having a stoichiometry of Lao.49Cao.24Mn03. The Tc (317 K) was measured after thermal 
p aimealing in oxygen, as an illustrative embodiment of the present invention. 

Si 

[1 5 FIG. 2 illustrates the measured resistivity (p) versus the Hall mobility in an applied magnetic 
rt field (T) at several temperatures (K) for a film stoichiometry of Lao.49Cao.24Mn03 by ICP-MS 
analysis, as another illustrative aspect of the present invention. 

FIG. 3 illustrates the ratio of the Hall resistivit)? to normal resistivity (no applied field) for as a 
20 function of the Hall mobility in an applied magnetic field at several temperatures (K), for a film 
stoichiometry of La{).49Cao.24Mn03. A cross-over was observed between 280 and 320K, for this 
film, as a further embodiment of the present invention. 

FIG. 4 illustrates the MR response in a fixed magnetic field (470 Oe) applied perpendicular to 
25 the LCMO film as a function of temperature over a narrow range. The maximum response is 
roughly 3.5% at 27 X, as another embodiment of the present invention. 
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FIG. 5 illustrates the MR response in a small magnetic field (700 Oe) applied perpendicular to 
the LCMO film as a function of temperature over a narrow range. The maximum response is 
roughly 7% at 27 'C, as yet another embodiment of the present invention. 

5 FIG. 6 illustrates the MR response in a small variable magnetic field from -250 to +250 Oe 
applied perpendicular to the LCMO film. A hysteresis in the measured resistance was observed 
in the thin film of LCMO, formed in accordance with the present invention. 

FIG. 7 illustrates the measured resistivity (p) versus temperature (T in K) for a film 
stoichiometry of Lao.48Cao.i9Mn03 measured by ICP-MS analysis. The Tc (321 K) was 
measured after thermal armealing in oxygen, as another aspect of the present invention. 

FIG. 8 illustrates the measured resistivity (p) versus the applied magnetic field at several 
temperatures (K) for a film stoichiometry of Lao.48Cao.i9Mn03 deposited by MOCVD, as yet 
another embodiment of the present invention. 

FIG. 9 illustrates the ratio of the Hall resistivity to normal resistivity (no applied field) as a 
fiinction of the Hall mobility in an applied magnetic field at several temperatures (K). This 
sample had a film stoichiometry of Lao.48Cao.i9Mn03 and a cross-over was observed between 
280 and 320 K, as a further embodiment of the present invention. 

FIG. 10 illustrates an X-ray diffraction spectrum obtained from an LCMO film grown on 
LaAlOs after thermal annealing in O2 at 1000 "C, representing another embodiment of the present 
invention. 

FIG. 1 1 illustrates the resistance versus temperature for an MOCVD film of Lao.ssSro.igMnOs 
grown by liquid delivery (A/B ratio Of 0.76) and a room temperature MR of 1.8% at 47 "C in a 
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field of 700 Oe. This is the highest temperature MR response reported to date. This film also 
exhibited less "noise" and a better stability in small magnetic fields. The same trend was observed 
in LSMO films generally, namely, that A deficient films provide room temperature MR 
response, as yet another aspect of the present invention. 

FIG. 12 illustrates an X-ray diffraction spectrum obtained from an lanthanum strontium 
manganese oxide fihn grown on LaAlOa after thermal annealing in O2 at 1000 'C, according to yet 
another embodiment of the present invention. 



Concerning the method for film growth utilized in the practice of the present invention, a low 
pressure CVD system can be modified for the deposition of manganate films using liquid delivery 
of metalorganic precursors. Any suitable apparatus can be used for such purpose, e.g., a Sparta® 
450 liquid delivery system (commercially available from Advanced Technologies Materials Inc., 
Danbury, CT (ATMI)) integrated with an existing MOCVD system. Such a modified apparatus 
readily enables a liquid delivery technique for simultaneous, controlled introduction of 
metalorganic compounds to the CVD reactor. 

In empiricalAvork demonstrating the method of the present invention, the substrate assembly 
was calibrated over a temperature range of 300°C to 850°C using a pyrometer or thermocouple 
calibration. The calibration included two sample holder assemblies. The process system 
included plumbing and process gas regulators, mass-flow controllers and filters, the vaporizer and 
liquid delivery system, exhaust lines, and precursor assemblies in stainless steel vessels with level 
sensors. 



DETAILED DESCRIPTION OF THE INVENTION, 
AND PREFERRED EMBODIMENTS THEREOF 
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In an illustrative preferred embodiment, precursors were dissolved in a solvent and flash 
vaporized at temperatures between approximately 100°C and approximately 300°C and carried 
into the metalorganic chemical vapor deposition (MOCVD) reactor with a carrier gas (e.g., Ar, 
5 N2, He, or NH4). The precursors were then mixed with an oxidizing coreactant gas (e.g., O2, 
N2O, O3) and undergo decomposition at a substrate heated to between approximately 300°C and 
approximately 800°C at chamber pressures between approximately 0.1 torr and approximately 
760 torr. Other active oxidizing species may be used to reduce deposition temperature, as for 
example through the use of a remote plasma source. Compatible precursor chemistries are 
1 0 required for optimum vaporization, transport and film growth. Further, the choice of chemistry 
P is critical for obtaining uniform film growth and particle-free films. 

Q Metalorganic precursors for MOCVD of doped manganates in the broad pactice of the invention 
k% comprise safe, low vapor pressure metalorganic sources, including non-fluorinated and fluorinated 
'Jl 5 B-diketonates, optionally with Lewis base adducts. Vaporization conditions were selected for 
'r^\ non-fluorinated compoxmds, which yielded efficient gas-phase transport. The MOCVD chamber 

was adapted for liquid delivery and a process according to the invention was carried out which 
P yielded manganate films on MgO or LaAlOs substrates at relatively low temperatures (650^C), 

with very high crystalline quality as demonstrated by x-ray diffraction patterns. Fluorinated 6- 
20 diketonates may be employed to achieve even higher grov^h rates, based upon their transport as 

determined by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC), if 

fluorinated oxides formation is suppressed or eliminated by the process conditions utilized, 

which may be readily determined by those of ordinary skill without undue experimentation. 

Magnetic characterization of as-deposited and thermally annealed films yielded magneto- 
25 resistance responses in large fields (> 10 Tesla) and small fixed fields (1 - 1000 Oersted). The 

magneto-resistance (MR) response is strongly dependent on the film temperature, as shown in 

Figures 4 and 5 over a narrow temperature regime. 
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The metal pivalates, lanthanum (III) tris (2,2,6,6-tetramethyl-3,5-heptanedione), La(thd)3, 
manganese (III) tris (2,2,6,6-tetramethyl-3,5-heptanedione), Mn(thd)3, and Group II metals (M = 
Mg, Ca, Sr and Ba) bis (252,6,6-tetramethyl-3,5-heptanedione) and their respective Lewis base 
5 adducts are suitable for transport and film growth in the practice of the present invention. For 
robust, precisely reproducible film growth, the Lewis base adducts of the precursors may be 
preferred. 

Using (thd) ligands for the metal precursors is advantageous because the resulting coordinated 
1 0 complexes are readily transported without decomposition for MOCVD of doped manganates. 
p Lewis base adducts are also suitable for robust transport. In general, low melting points, high 
S] solubility and efficient thermal transport are desirable characteristics of the precursor complexes. 

fi% Although the thd complexes of La, Mn and Group II elements may be most preferred candidates 

*^ 5 for liquid delivery CVD of the doped managanate films, Lewis base adducts of M(thd)2 and M(B- 

^! diketonate)2, where M = Mg, Ca, Sr and Ba, are also highly advantageous in producing a robust 

'^l and unique chemical pathway to CVD manganate films. The B-diketonates of the elements will 

: : 

V be known to those skilled in the art of precursor chemistry and organometallic or inorganic 
chemistry. 

20 

A series of films was deposited using different precursor soluti6n''c6ncentrations to afford films 
of varying stoichiometries. The deposited films were analyzed, and the measured film 
composition and calculated stoichiometric ratios were used to compile Tables I and II, set out 
below. 

25 
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Table I. 
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R(Q) 
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La% 


Ca% 


Mn% 


Kl max 


Klmax 


A/B 


Ca/La 


# 


0 Oe 


250 Oe 


% 


(Al) 


(A2) 


(B) 


Deposited 


Annealed 


Ratio 


Ratio 


34 


480 


480 


0 
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64 


380 


376 


1 


28.8 


12.8 


r o A 

58.4 


285 


308 


0.71 


i\ A A 

0.44 


65 


722 


714 


1.1 


25.9 


12.2 


61.9 


+ 


+ 


0.62 


0.47 


66 


357 


354 


0.8 


28.9 


11.5 


59.6 


289 


318 


0.68 


0.40 


67 


1920 


1907 


0.8 


28.5 


13.8 


57.7 


246 


305 


0.73 


0.48 


68 






0.6 


29.2 


12.2 


58.6 


280 


311 


0.71 


0.42 


70 


201 


197 


1.8 


29.0 


13.5 


59.4 


283 


317 


0.73 


0.41 


71 


116 


113.9 


1.9 


28.4 


11.6 


60 


291 


.321 


0.67 


0.39 


72 


347 


344.7 


0.7 


27.5 


12.1 


60.4 


287 


318 


0.66 


0.44 


74 


396.9 


396.5 


0.1 


30.6 


15.5 


54.0 


272 


304 


0.85 


0.51 


76 


117 


117 


0 


33.0 


19.4 


47.61 


249 


289 


1.1 


0.59 



Table II. 



Samp 


%La 


%Ca 


%Mn 


La 


Ca 


Mn 


Ca/L-a 


A/B 


Tc 


Tc 


%MR § 


#. 








(Al) 


(A2) 


(B) 


Ratio 


Ratio 


as-dep 


anneal 


(T "O 


55a 


33 




57 


0.58 




1 




0.58 




334 


1.8(47) 


66 


28.9 


11.5 


59.6 


0.49 


0.19 


1 


0.39 


0.68 


289 


317 


4.4 (30) 


im 


29 


13.5 


59.4 


0.49 


0.24 


1 


0.49 


0.73 


289 


317 


6.7 (27) 


7)¥ 


28.4 


11.6 


60 


0.48 


0.19 


1 


0.39 


0.67 


291 


321 


4.7 (28) 


80 


35.4 


12.0 


52.6 


0.67 


0.23 


1 


0.34 


0.90 


289 






84* 


26.2 


12.0 


61.8 


0.42 


0.19 


1 


0.46 


0.62 


217 


308 


4.5 (31) 


85 


26.2 


19.5 


54.3 


0.48 


0.36 


1 


0.74 


0.84 


262 


285 




86* 


29.7 


16.8 


53.4 


0.56 


0.32 


1 


0.57 


0.87 


268 


294 




88* 


27.9 


13.4 


58.8 


0.52 


0.21 


1 


0.48 


0.70 


291 


32 


5.1 (29) 


89* 


26.3 


15.4 


27.9 


0.45 


0.26 


1 


0.56 


0.72 


263 


312 


4.5 (24) 


90 


29.2 


11.7 


59.1 


.0.49 


0.20 


1 


0.40 


0.69 


288 


318 




92* 


35.5 


12.9 


'51.7 


0.69 


0.25 


1 


0.36 


0.93 


155 


281 




95* 


28.6^- 


17.0 


54.4 


0.52 


0.31 


- 1 


0.59 


0.84 


291 


296 


1.0(17) 


96* 


35.3 


11.1 


53.6 


0.66 


0.21 


1 


0.31 


0.86 


272 


315 




97* 


34.6 


11.4 


54.1 


0.64 


0.21 


1 


0.33 


0.85 


294 


319 




98* 


33.6 


13.6 


52.8 


0.64 


0.26 


1 


0.41 


0.89 


280 


316 




99* 


37.2 


12.6 


50.2 


0.74 


0.25 


1 


0.34 


0.99 


274t 


303 




100* 


32.4 


14.9 


52.6 


0.62 


0.28 


1 


0.46 


0.90 


293 


313 




101 


34.7 


9.7 


55.6 


0.62 


0.17 


1 


0.28 


0.80 


184 


308 




107* 


34.5 


11.2 


54.3 


0.64 


0.21 


1 


0.32 


0.84 


273 


324 




108* 


37.1 


11.8 


51.1 


0.72 


0.23 


1 


0.32 


0.96 


247 


306 




109* 


33.1 


14.5 


52.4 


0.63 


0.28 


1 


0.44 


0.91 


266 


299 





110* 


36.0 


11.9 


52.1 


0.69 


0.23 1 


0.33 


0.92 


260 


296 


111* 


26.9 


22.9 


50.3 


0.54 


0.45 1 


0.85 


0.99 


287 


296 


112* 


33.8 


13.1 


53.1 


0.64 


0.25 1 


0.39 


0.88 


266 


292 


113* 


34.7 


13.7 


51.5 


0.67 


0.27 1 


0.39 


0.94 


255 


303 


114* 


35.3 


13.8 


50.9 


0.69 


0.27 1 


0.39 


0.96 


270 


310 


115* 


31.7 


15.5 


52.8 


0.60 


0.29 1 


0.49 


0.89 


267 


299 



* indicates ICP-MS data was obtained from a film deposited onto an MgO substrate; all other 
measurements were taken from films deposited during the same deposition run onto LaAlOs 
substrates. 

§ indicates the MR ratio measured when a 700 Oe fixed magnetic field is applied perpendicular to 
the substrate. Most samples were measured after thermal aimealing in O2. 

¥ Entire data set was obtamed using both high and low magnetic field measurements and chemical 
analyses. 

n LSMO sample deposited using similar techniques. 

Measured elemental composition of LCMO films was determined by inductively coupled 
plasma-mass spectroscopy (ICP-MS) analysis and calculated film stoichiometrics from the data. 
MeasLU-ed electrical properties were determined for the same films. The film stoichiometry and 
electromagnetic responses are listed for the series of films deposited by MOCVD. 

The maxima in RT values in the above tabulated data is seen to vary with stoichiometric 
composition, especially after thermal annealing. The optimum composition space for RTmax is 
complicated in the as-deposited films. In the as-deposited samples, an indirect correlation was 
observed and indicafive of scatter related to the CVD process. Also, the values of RTmax 
temperatures measured in the as-deposited films were low relative- to the annealed films. 
Nonetheless; ^ correlation to the composition of the deposited film can be seen especially in the 
values of A:Mn > 1 .0 and for Ca:La ratios of 0.3 to 0.5. For the thermally annealed films, A (La 
and Ca) deficient compositions exhibited higher RTmax temperatures. The range of useful 
compositions varied widely between 60 and 90% A (Ca + La) relative to the Mn content. The 
Ca/La ratio is critical towards the RTmax; values between 0.4 to 0.5 clearly display higher RTmax 
after thermal annealing. Increasing the Ca/La ratio, demonstrated^ a decreasing trend in RTmax 
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temperatures, especially for values of (La+Ca) : Mn of > 1.0. At lower (La+Ca) : Mn ratios (0.6 
to 1.0) this same trend applies, but to a decreased extent. Based on the measured RTmax values, 
the most preferred compositional space is for (La+Ca):Mn films between 0.6 and 0.75 with 
Ca/La ratios of 0.35 to 0.55. 

5 

Specific embodiments of the present invention are further described in the following, nonlimiting 
examples which will serve to illustrate various features, aspects and embodiments of significance. 
The examples are intended merely to facilitate an understanding of ways in which the present 
invention may be practiced and to further enable those of skill in the art to practice the present 

1 0 invention. Accordingly, the examples should not be construed as limiting the scope of the 

p present invention. 



EXAMPLEI 



m MOCVD of LCMO and Film Characterization 



3 U 



t5 

^] Thin-film growth was carried out in an inverted vertical MOCVD reactor described in J. Zhang, 

2j R.A. Gardiner, P.S. Kirlin, R.W. Boerstler, and J. Steinbeck, Appl. Phys. Lett. 61, 2882 (1992); 

0 and Y.Q. Li, J. Zhang, S. Pombrick, S. DiMascio, W. Stevens, Y.F. Yan, and N.P. Ong, J. Mater. 
Res. 10, 2166 (1995). An organic solution containing the metal precursors was transported to 

20 the reactor at 7 mmol/hour using a liquid delivery and vaporizer system (ATMI). The 
precursors used for deposition were tris(2,2,6,6-tetramethyl-3,5-heptanedionato)lanthanum, 
(La(thd)3), tris(2,2,6,6-tetramethyl-3,5-heptanedionato)manganese, (Mn(thd)3), and bis(2,2,6,6- 
tetramethyl-3,5-heptanedionato) calcium, Ca(thd)2, prepared at ATML The precursor solution 
was vaporized in a heated zone, and transported to the substrate using a nitrogen carrier gas 

2 5 flowing at 100 seem. Oxidizer gases were introduced in the region of the substrate at rates of 300 
seem for oxygen and 250 seem for nitrous oxide. The reactor base pressure was maintained at 1.5 
Torr by a throttle valve on a vacuum pump. 



19 



Films were grown on [001] polished LaA103 and cleaved MgO substrates. The films were 
deposited at a susceptor temperature of 650 °C, measured at the center of the heated pedestal. 
The actual substrate surface temperature may vary with the thermal properties of the substrate. 
The duration of film grov^ was 1.0 h and yields -0.3 |J.m thick films on LaA103. Following 
deposition, the precursor solution delivery was halted, the chamber was backfilled with oxygen 
to atmospheric pressure, and the susceptor temperature was reduced by 15 ""C/min to room 
temperature. Films were deposited with various ratios of (La+Ca):Mn and La:Ca. Film 
stoichiometry was determined by inductively coupled plasma (ICP) spectrometry of dissolved 
films. Energy dispersive x-ray analysis (EDX) was used on an MgO substrate used to monitor 
film growth. The Tc of the LCMO films was obtained by measuring four-point probe resistance, 
using a Keithley 224 current source and a Keithley 181 voltmeter, as a function of temperature. 
Four copper wire contacts were aligned - 2 mm apart, affixed to the film by silver paint. The 
temperature was measured by a Lake Shore DRC-91CA controller monitoring a thermocouple 
attached to the film. The film was placed in liquid nitrogen which was then allowed to boil off 
As the film slowly warmed to room temperature, a computer interface with LabVIEW software 
measured the resistance as a function of sample temperature. The resistance of the circuit was 
then plotted versus temperature to determine the peak temperature. If the transition temperature 
was above ambient temperature (295 K), a lamp was used to increase the sample temperature. 
Both as-deposited and O2 thermally annealed samples were measured for comparison. Figures 1 
through 10 are indicative of electrical, magnetic and magnetdresistive performance in A site 
deficient doped manganate. 

FIG. 1 illustrates the measured resistivity (p) versus temperature (T in K) for an LCMO film 
having a stoichiometry of Lao.49Cao.24Mn03. The Tc (317 K) was measured after thermal 
annealing in oxygen, as an illustrative embodiment of the present invention. 
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FIG. 2 illustrates the measured resistivity (p) versus the Hall mobility in an applied magnetic 
field (T) at several temperatures (K) for a film stoichiometry of Lao.49Cao.24Mn03 by ICP- MS 
analysis, as another illustrative aspect of the present invention. 

5 FIG. 3 illustrates the ratio of the Hail resistivity to normal resistivity (no applied field) for as a 
function of the Hall mobility in an applied magnetic field at several temperatures (K), for a film 
stoichiometry of Lao.49Cao.24Mn03.A cross-over was observed between 280 K and 320 K, for 
this film^ as a fiirther embodiment of the present invention. . .. 

1 0 FIG. 4 illustrates the MR response in a fixed magnetic field (470 Oe) applied perpendicular to 
p the LCMO film as a function of temperature over a narrow range. The maximum response is 
gi roughly 3.5% at 27 °C, as another embodiment of the present invention. 

FIG. 5 illustrates the MR response in a small magnetic field (700 Oe) applied perpendicular to 

t~ e 

-^1 5 the LCMO film as a function of temperature over a narrow range. The maximum response is 
roughly 7% at 27 'C, as yet another embodiment of the present invention. 

□ FIG. 6 illustrates the MR response in a small variable magnetic field from -250 Oe to +250 Oe 

r\ 

applied perpendicular to the LCMO film. A hysteresis in the measured resistance was observed 
20 in the thin film of LCMO, formed in accordance with the present invention. 

FIG. 7 illustrates the measured resistivity (p) versus temperature (T in K) for a film 
stoichiometry of Lao.48Cao.i9Mn03 measured by ICP-MS analysis. The Tc (321 K) was 
measured after thermal annealing in oxygen, as another aspect of the present invention. 

25 
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FIG. 8 illustrates the measured resistivity (p) versus the applied magnetic field at several 
temperatures (K) for a film stoichiometry of Lao.48Cao.i9Mn03 deposited by MOCVD, as yet 
another embodiment of the present invention. 

5 FIG. 9 illustrates the ratio of the Hall resistivity to normal resistivity (no applied field) as a 
function of the Hall mobility in an applied magnetic field at several temperatures (K). This 
sample had a film stoichiometry of Lao.48Cao.i9Mn03 and a cross-over was observed between 
280 K and 320 K, as a further embodiment of the present invention. 

10 FIG. 10 illustrates an X-ray diffraction spectrum obtained from an LCMO film grown on 
O LaAIOs after thermal annealing in O2 at 1000 "C, representing another embodiment of the present 
m invention. 

J 

lis EXAMPLE n 

Ci MOCVD of LSMO and Film Characterization 

rii 

~>> 

Thin-film growth was carried out in an inverted vertical MOCVD reactor as described in Example 
I. An organic solution containing the metal precursors was transported to the reactor at - 7 

20 mmol/hour using a liquid delivery and vaporizer system (ATMI). The precursors used for 
deposition were tris(252,6,6-tetramethyI-3,5-heptanedionato)lanthanum, (La(thd)3), tris(2,2,6,6- 
tetramethyl-3,5-heptanedionato) manganese, (Mn(thd)3), and bis(2,2,6,6-tetramethyl-3,5- 
heptanedionato) strontixmi, Sr(thd)2, prepared at ATMI. The precursor solution was vaporized 
in a heated zone, and transported to the substrate using a nitrogen carrier gas flowing at 100 seem. 

2 5 Oxidizer gases were introduced in the region of the substrate at rates of 300 seem for oxygen and 
250 seem for nitrous oxide. The reactor base pressure was maintained at 1.5 Torr by a throttle 
valve on a vacuum pump. 
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Films were grown on [001] polished LaAlOs and cleaved MgO substrates. The films were 
deposited at a susceptor temperature of 650 *^C, measured at the center of the heated pedestal. 
The actual substrate surface temperature may vary with the thermal properties of the substrate. 
5 The duration of film growth was 1.0 h and yields --0.3 ^im thick films on LaAlOs. Following 
deposition, the precursor solution delivery was halted, the chamber was backfilled with oxygen 
to atmospheric pressure, and the susceptor temperature was reduced by 15 °C/min to room 
temperature. Films were deposited with various ratios of (La + Sr):Mn and La:Sr. Film 
stoichiometry was determined by inductively coupled plasma (ICP) spectrometry of dissolved 
1 0 films. Energy dispersive x-ray analysis (EDX) was used on an MgO substrate used to monitor 
Q film growth. The Tc of the LSMO films was obtained by measuring four-point probe resistance. 

Ol using a Keithley 224 current source and a Keithley 181 voltmeter, as a function of temperature. 

W 

C'l Four copper wire contacts were aligned ~ 2 mm apart, affixed to the film by silver paint. . The 
m temperature was measured by a Lake Shore DRC-91CA controller monitoring a thermocouple 
l~i 5 attached to the film. The film was placed in liquid nitrogen which was then allowed to boil off. 
^3 As the film slowly warmed to room temperature, a computer interface with LabVIEW software 

measured the resistance as a function of sample temperature. The resistance of the circuit was 
P then plotted versus temperature to determine the peak temperature, as shown in Figure 1 1 . If the 

transition temperature was above ambient temperature (295 K), a lamp was used to increase the 
20 sample temperature. Both as-deposited and O2 thermally annealed samples were measured for 

comparison. An X-ray diffraction pattern for the deposited film is shown in Figure 12 after 

thermal annealing in O2. 

FIG. 11 illustrates the resistance versus temperature for an MOCVD film of Lao.sgSro.igMiiOs 
25 grown by liquid delivery (A/B ratio Of 0.76) and a room temperature MR of 1.8% at 47 X in a 
field of 700 Oe. This is the highest temperature MR response reported to date. This film also 
exhibited less "noise" and a better stability in small magnetic field. The same trend was observed 
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in LSMO films generally, namely, that A deficient films provide roome temperature MR 
response. 

FIG. 11 illustrates the resistance versus temperature for an MOCVD film of Lao.sgSro.igMnOs 
grown by liquid delivery (A/B ratio Of 0.76) and a room temperature MR of 1.8% at 47 X in a 
field of 700 Oe. This is the highest temperature MR response reported to date. This film also 
exhibited less "noise" and a better stability in small magnetic field. The same trend was observed 
in LSMO films generally, namely, that A deficient films provide room temperature MR 
response, as yet another aspect of the present invention. 

FIG. 12 illustrates an X-ray diffraction spectrum obtained fi-om an LSMO film grown on LaAlOs 
after thermal annealing in O2 at 1000 T, according to yet another embodiment of the present 
invention. 

EXAMPLEm 
MOCVD of LBMO and Film Characterization 

Thin-film growth was carried out in an inverted vertical MOCVD reactor as described in Example 
I. An organic solution containing the metal precursors was transported to the reactor at ~ 7 
mmoJ/hour using a liquid delivery and vaporizer system (ATMI). The precursors used for 
deposition were tris(2,2,6,6-tetramethyl-3,5-heptanedionato) lanthanum, (La(thd)3), tris(2,2,6,6- 
tetramethyl-3,5-heptanedionato) manganese, (Mn(thd)3), and bis(2,2,6,6-tetramethyl-3,5- 
heptanedionato) barium, Ba(thd)2, prepared at ATMI. The precursor solution was vaporized in 
a heated zone, and transported to the substrate using a nitrogen carrier gas flowing at 100 seem. 
Oxidizer gases were introduced in the region of the substrate at rates of 300 seem for oxygen and 
250 seem for nitrous oxide. The reactor base pressure was maintained at 1.5 Torr by a throttle 
valve on a vacuum pump. 



Films were grown on [001] polished LaAlOa and cleaved MgO substrates. The films were 
deposited at a susceptor temperature of 650 °C, measured at the center of the heated pedestal. 
The actual substrate surface temperature may vary with the thermal properties of the substrate. 
The duration of film growth was 1.0 h and yields -0.3 |xm thick films on LaAlOs. Following 
deposition, the precursor solution delivery was halted, the chamber was backfilled with oxygen 
to atmospheric pressure, and the susceptor temperature was reduced by 15 ""C/min to room 
temperature. Films were deposited with various ratios of (La + Ba):Mn and La:Ba. Film 
stoichiometry was determined by inductively coupled plasma (ICP) spectrometry of dissolved 
films. Energy dispersive x-ray analysis (EDX) was used on an MgO substrate used to monitor 
film growth. The Tc of the LBMO films was obtained by measuring four-point probe resistance, 
using a Keithley 224 current source and a Keithley 1 81 voltmeter, as a fiinction of temperature. 
Four copper wire contacts were aligned - 2 mm apart, affixed to the film by silver paint. The 
temperature was measured by a Lake Shore DRC-91CA controller monitoring a thermocouple 
attached to the film. The film was placed in liquid nitrogen which was then allowed to boil off. 
As the film slowly warmed to room temperature, a computer interface with LabVlEW softwaie 
measured the resistance as a fiinction of sample temperature. The resistance of the circuit was 
then plotted versus temperature to determine the peak temperature. If the transition temperature 
was above ambient temperature (295 K), a lamp was used to increase the sample temperature. 
Both as-deposited and O2 thermally annealed samples were measured for comparison. 

All the disclosed embodiments of the invention described herein can be realized and practiced 
without undue experimentation. Although the best mode contemplated by the inventors of 
carrying out the present invention is disclosed above, practice of the present invention is not 
limited thereto. It will be appreciated that various additions, modifications and rearrangements of 
the features of the present invention may be made without deviating firom the spirit and scope of 
the underlying inventive concept. Accordingly, it will be appreciated by those skilled in the art 



that, within the scope of the appended claims, the invention may be practiced otherwise than as 
specifically described herein. 

For example, the invention could be enhanced by providing additional ingredients in the precursor 
5 chemistry. Similarly, although the preferred percursor chemistry is described, any suitable 
materials could be used in its place. In addition, the manganate layers need not be fabricated v^th 
the disclosed method, but could be fabricated using other suitable procedures. Further, although 
the doped manganates are described herein as physically unique materials, it will be apparent that 
the manganates may be integrated into devices with which they are associated, and that multiple 
10 layer structures and devices comprising such manganates are contemplated as being usefully 

B employed in the broad practice of the present invention. 

• ?i 

m 

r] It will be recognized by practitioners that other methods may be employed to form manganate 

g\ films with the stoichiometrics of the present invention, for example, sol-gel deposition. 

5 sputtering, pulsed laster deposition or other physical deposition means. 
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